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TOW DETONATION PRESSIJRF: EV’TOTrES 

Most e>q los ive  materials im vi-de use today m y  be ch,Zrart,er:zed by detoqetlon ?res- 
sures ranging from a.nnro.rimte1y 150 t o  ?‘;O k i  lobn-s . P-mel.lant nzi:.r?i?.’s. on t h e  
o ther  hand, exhh’.bit c w a r a t i v e l y  low nressures tp?r?.l of deflagra+.’on renni’ons. 
The d i f f e rence  i n  press i res  exhib i ted  by these  tvo  cl:~.ss~.:: of na.tsr;r.ls lewves .In 
i n t e re s t ing  gau, t he  e.ln3oration of vh.rh’ch m=-y yte1.d vnliiab?.e :nformp.tion on t he  -hem; - 
cal and k i n e t i r  l imi t z t ions  of detons.ting ma,te-ja?s. 

The reliabl-e generation of detonation nres.<ii-es ?:ndew 100 kil.obnrs should o f f e r  xdva.r.- 
t ages  from an  engi.neering stnndnoint i n  am??;ca.t io~s where hfghey n-ess”’cs 2.-e npi.t‘ner 
needed nor desfred.  Certa.4.n n las t ic /e -mlos?ve  .fo-xr?lnt;onn dcsc-:bd be1 otr o*frr those 
advantages i n  addftion t o  o the r s .  such 32 the ca.mbi!:.ty o f  bcinc  e - t m d e d  ow :nie,-t;on 
molded into di.fftcult. con+igurations ~ n d  then no?yme-i?ed i n  n l w e  

Over the  v a s t  two y e ~ ~ s  t h e  Aeroiet-CenPral Cornoration and t he  Snnd‘a Corn ra t ion  haw 
col labora ted  i n  FL nrelim+na-y qnvest+Fation of th’? interest‘np low detonation ~ e s s l r e  
regime. The *esihts recorded b c l m  describe s m e  of  thP ~ O T I - S ~ S  mli-sned and f p - h n i ~ r ~ p s  
develoned i n  this  study t o  date. 

EXPWlMENTAL TECHNIQUES 

a.  Material Sner i f ica t ions  

A l l  chemical ingredqents u t i l i z e d  i n  t h e  f o w l a t i o n  of the  pJ-nstir-ernJos;ve 
c m o s i t i o n s  described he re in  w e r e  airchased t o  meet r e r t i n e n t  mi!;ta-y snwif’-a- 

Because of  the hmortance of t h e  p a r t i c l e  s i7e  d i s t r ibu t ion  o f  t h e  nrjmnry and tcons.  
secondary e q l o s i v e s  used. tests were nv t o  mensiiwe t h i s  by mi-rowonir terhnioueq 
us ing  a Filar eyeDiece. The o a r t i c l e  s i z e  d;stribvtiotls of pentae-ythritol  tetra- 
n i t r a t e  (PETN), suuerfine made:  c y r l o t r i m e t h y l e n e t r ’ n i t r ~ i n ~  (PDX), acetone f ine :  
eight h o u r  ball-milled de idr ina ted  lead az ide  (PbN6); coarse der t r ina ted  PbN6: -nd 
thallous az ide  (TlN3) are nresented  in  Figs. 1 throiigh 4, resnectivel-y. 
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b . Formulating Technioues 

O f  n r inary  consideration i n  working with new e q l o s i v e  formulations a r e  the compati- 
b i l i t y  of the various ingredients  and general sa fe ty  precautions.  I n i t i a l l y ,  i n  all 

cases ,  small nuant i t ies  (about 1/10 gram) were used. and if no adverse reaction resul ted 
the  q u a n t i t i e s  were increased t o  one gram, 10 gram, and 100 gram l o t s .  
made t o  determine t h e  c m a t i b i l S t y  and s t a b i l i t y  of the  c m o s i t i o n s  at the lo-gram 
l e v e l .  Among the t e s t s  used were vacuiun s t a b i l i t y .  impact s e n s i t i v i t y ,  different ia l -  
t h e d  ana lys i s  (DTA), and. i n  some cases,  e v l o s i o n  temperatures. 
tests a r e  shown in Table 1. 

Safety precautions c m o n  t o  t h e  emlos ive  industry were r igorously observed d o n g  wjth 
many laboratory precautions used i n  t h e  chemical industry.  I n  al l  cases while working 
with small quant i t ies  of mater ia ls  (under 10 grams) work was conducted behind adequate 
safe ty  sh ie lds .  
out w i t h  remote control  methods, viewing the  processes through mirrors.  periscopes or 
closed c i r c u i t  t e lev is ion .  
t a i n e r s .  
In t h e  mixing buildings,  t h e  materials were l imited t o  t h e  ac tua l  quant i t ies  needed. 

Analyses were 

The r e s u l t s  of such 

When working with la rger  quant i t ies ,  the mixing procedures were carr ied 

Explosives were handled and s tored i n  conducting rubber con- 
The quant i ty  of explosive mater ia ls  was l imited t o  50 grams i n  the laboratory.  

c. Rheological Character is t ics  

During the formulation of high-solids-content c m o s i t i o n s  extremely viscous.  nut ty-  
l i k e  systems were encountered. It was found t h a t  the addition of small quant i t ies  

(0 .1  t o  1 . 0  percent)  of snec ia l  sur fac tan ts  caused a s igni f icant  increase i n  t h e  f lu id-  
i t y .  

Changes i n  the  rheological  c h a r a c t e r i s t i c s  were determined by the  use of a v a r a l l e l  
p l a t e  plastometer technime.  
was placed upon a glass  D l a t e  and loaded with another g lass  p l a t e  of known weight. The 
radius  t o  which the samole snread after 20 seconds' durat ion was taken as  an indicat ion 
of t h e  apnarent f l u i d i t y  of the  t e s t  system. 
effect iveness  of the  sur fac tan t .  

d. Test ing Procedures 

A s m a l l  cy l indr ica l  samnle of the  a a s t e - l i k e  test s m l e  

The Freater t h e  radius ,  t h e  greater the  

Detonation Velocity Measurements - Detonation ve loc i ty  measurements were carr ied 
out using two well-known methods, t h e  s t reak camera and a i n  switch technicues.  

A Beckman-Whitley Model 194 s t reak  camera was u t i l i 7 e d .  
conjunction with a mixer c i r c u i t  and M o r a  Model 10lA raster osc i l loscme were a l s o  used 
t o  m a s u r e  detonation v e l o c i t i e s  of both confined and unconfined charges.  
t i o n  p i n  switches were mounted in spec ia l  holding devices and dis tances  were measured 
with a Gaertner S c i e n t i f i c  Corporation microcanparator capable of measurement t o  
f0.002 millimeters.  
t h e  poin t  of i n i t i a t i o n .  

Ionizat ion p i n  switches in  

The ioniza- 

A l l  ve loc i ty  measurements were started at l e a s t  four djameters f r o m  

Detonation Pressure Measurements - The detonation pressure measurements were carr ied 
out u s i n g  a modified p l a t e  dent test. Attempts were a l s o  made t o  use the  aqiiarium 

technique. 

The modified p l a t e  dent  test consisted of 20 grams of explosive material i n  a capper 
tube (3/4 in .  x 5 i n .  x 1/16 in .  w a l l ) .  
Special  b l a s t i n g  cap with a five-gram booster of Canposition C-4. 
p l a t e  ( 1  3/4 i n .  x 5 i n .  x 5 in .  of 6061-T6 a l l o y )  was used. 
t o  determine t h e  approximate detonation pressure range of t h e  var ious formulat-lons. 

A series of ca l ibra t ion  tests using standard exolosives of varying d e n s j t i e s  was conduct- 
ed t o  determine detonation p r e s m r e  as a function of depth of indentation in the  witness 

The detonation was i n i t i a t e d  by an Engineer's 
An alminum witness 

This techniaue was used 
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p la t e s .  
ed from W. R. T d i n s o n ( 1 )  and 0. E. Sheffield(2).  
from the  d tonation ve loc i t i e s  a t  known dens i t ies  of t he  emlos ives  by the  e.nnro-!rn%tc 
equation( 37 

Detonation ve loc i t i e s  3s a function of density fo r  each explosive %reme ootzjn- 
Detonation pressures were calcu!zted 

p 4 0.01op-G D* 

where : 

p = detonation a ressure  in  bars 
p = density i n  grams D e r  cubic centimeter 
D = detonation ve loc i ty  i n  meters per second 

A review of other possible methods of measuring detonation oress i res  of la rge  sr .mles 
( 2  in .  diameter x 8 ' . length) indicated that the  "aquarium" technique o ip ina l ly  
devel.o?ed by Holton($? and later described by Cook. Keyes and Ursenbach(5j a p e a r e d  t o  
o f f e r  good poss ib i l i t i e s  fo r  aoc3.ication i n  t h i s  t e s t  program. I n  t h i s  method e streak 
camera is  used t o  measure t h e  detonation velocity of the  9lastj.c emlos ive  and a l so  the  
velocity of t h e  resu l tan t  shock wave throuRh water. 
shock wave together with the  eauation of s t a t e  of water, it is possible t o  calculate 
the  shock pressure in water. However, a considerable number of nroblems were encounter- 
ed i n  attempts t o  measure pressures by t h i s  technique. The or inc ina l  objection l a y  in  
the  ambiguity of the slope of the shock at the  exnlosivefwater interface.  
i ty  seemed t o  be more pronounced a t  lower shock pressures. 
w a s  abandoned and all  of t he  nressure data reported here a re  based on p l a t e  dent and 
114 p D2 anproximtions. 

e. 

analysis.  
f i ed  Bureau of Mines machine using a two-kilogram weight and f la t  anv i l  and s t r i k e r .  
It was  foiind that nitrmolyurethane (NPU)/PL"N and NPUfRDX formulations, containing 
concentrations of 20 percent by  weight of explosive or la rger  quant i t ies?  were can 
sens i t ive  t o  Nmber 8 b las t ing  caps. C q o s i t i o n s  containing smaller quant i t ies  of 
these explosives required the  use of a booster t o  insure in i t i a t ion .  
of the  f i r i n g  tests a five-gram booster charge of C m o s i t i o n  C-4 together with an 
h g i n e e r ' s  Special detonator were employed t o  insure in i t i a t ion .  

EXPERIMENTAL RESULTS 

a. Comositions - The comuositions of the  u l a s t i c  exnlosive formulations studied 
consisted of Dolyurethane, nitropolyurethane, and d in i t rop rmyl  acry la te  matrices 

(continuous phase) t o  which various ex-@osives (d lscre te  phase) were added. The poly- 
urethanes were ccmrposed of d i o l s f t r i o l s  or other cross-linking agentsfdiisocyanate, in 
70/30/107 mole percents, together with 20 percent n l a s t i c i ze r  . The n i t ronolpre thanes  
were composed of d i o l s f t r t o l s  or other crosslinkersfnitrodiisocyanate together wfth up 
t o  50 oercent by weight of n i t r o  p l a s t i c i ze r .  In  the  Npll formulation, t he  djol. / tr iol/  
isocyanate r a t i o  wafi 80/x)/107 mole percents. 

b. Chemical and Physical P r q e r t i e s  - The chemical and nhysical p r m e r t i e s  were deter- 
mined fo r  each o f  the compositions and a r e  given i n  Table I. 

and IypA's were determined t o  a sce r t a in  the  s t a b i l i t y  of several  comuositions t o  t h e m 1  
decomposition. 
factory s t a b i l i t y .  

The DTA's f o r  NPU and NPU/Pm formulations a r e  given i n  Figs. 5, 6 and 7 and similar 
information fo r  Pu/PbN6 mixtures is given i n  Figs. 8, 9 and 10. 

From the  measured ve loc i ty  of the  

This ambigu- 
Accordingly, th is  technia:Je 

Sens i t iv i ty  Tests - Sens i t i v i t i e s  and conpatibil.ities of the. various explosive 
formulations were determined by inpact, vacuum s t a b i l i t y  and d i f f e ren t i a l  thermal 

These methods are discussed i n  Ref. 2. The impact t e s t s  were run on a modi- 

However, 5.n most 

' 

The vacuum s t a b i l i t k s  

The vacuum s t a b i l i t y  da ta  shared tha t  i n  a l l  cases the  mixtures had Satis-  

The data indicate tha t  
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t h e  f i n a l  compositions i n  both cases a r e  as thermally stab1.e 8,s t h a t  of t h e  l ea s t  s t ab le  
comonent. 
was determined for each of t h e  fomv1at:ons. 
compatible with t h e  ingredients of t h e  PlJ and hFL1 olastir formulations. 
using NPU and PU systems with lead  and o ther  azides showed t h a t  the  n i t r p  substi.tiited 
plasticizimg agents and n i t r o  subs t i t u t ed  d i i  socyanates were incomnatible with a.7:’des: 
however, it was  found t h a t  t h e  components of t h e  PU system were c o m a t i b l e  with the  nzi.de! 

The dens i t i e s  of t h e  various formulations varied from t h a t  of t he  piire n l a s t i c  b h d e r  
system up t o  t h a t  of t h e  pure d i sc re t e  ahase.  
dens i t i e s  were found t o  vary from 1 .2  g / c d  un t o  about 1.15 g/cm? denending upon the  
concentration of t h e  d i sc re t e  phase. 
between tha t  of t h e  binder system un t o  ?.I g/rm? denending upon t h e  Concentration or 
mN6. 

In  high-solids-content r l a s t i c  explosive comnositions. t h e  rheologica l  cha rac t e r l s t i ? s  
a r e  jmportant. In  one system composed o f  30 oercent DNPA (d in i t r an roay la r rg l a t e )  binder 
system and 70 percent RDX. i t  w a s  found necessary t o  add 10 nerrlent calcium s t e a r a t e .  
impalnable grade, by weight t o  prevent d i la tancy  while extruding t h e  n l a s t i c  comosi.tion 
under pressure.  The l a rge  amount of calcjum stearate (CS) a c t s  as a phlegmitiring agent 
making it more d i f f i c u l t  t o  propagate a detonation. 
fo r  reducin 
t h e  plastic$explosive mixture. 

Ea r l i e r  s tud ies  with Dropellant formulations had sham that pretreatment with small 
amounts of surface ac t ive  agents caused a l a rge  increase i.n f l u i d i t y .  I n  areliminary 
s tudies  with RDX and PETN, t h e  des i red  amount of surfa.ce agent was disso lved  i n  methyl 
alcohol ov chloroform and t h e  emlos ive  t r e a t e d  with the  so lu t ion .  The solvent w a s  
evaporated and the  ex-plosive was dr i ed  i n  vacuo, leaving a f i lm of su r fac t an t  on t h e  sur- 
face of t he  emlos ive .  

Tests showed tha t  SPAN 60 (At las  Chemical Company) and calcium s t e a r a t e ,  inmalFable grade: 
were t h e  most e f f ec t ive  f lu id i z ing  agents t e s t e d .  Using t h e  above pret,reatment techniaue. 
the maxbm increase i_n f l u i d i t y  ocrurred when using calrium s t e a r a t e  at a concentration 
of 0.5 percent by weight, and t h e  fl-uidity derreased with fu r the r  increase  i n  roncentra- 
t i o n .  SFmil.arly. t h e  maximum advantage of SPAN 60 alone was  found t o  be a t  0.25 percent 
by weight. 
SPAN 60 at similar concentrations.  
f l u i d i t y  a f t e r  standing for t h ree  ho i r s .  
loaded p l a s t i c  explosive systems. 

The reduction i n  t h e  amount of calcium s t e a r a t e  i n  t h e  explosive composition from 10 
percent t o  0.5 percent r e su l t ed  in increased f l u i d i t y  and ease of ex t rus ion  together with 
a s ign i f i can t  increase i n  detonation ve loc i ty .  

c .  Emlosive Proper t ies  - Tests were conducted t o  determine the  e f f e c t  of so l id s  con- 
centration, confinement and diameter on t h e  explosive cha rac t e r i s t i c s  (detonation 

ve loc i ty  and pressure)  of t h e  p l a s t i c  explosive compositions. The camoositions, d i a -  
meter and confinement of samples t e s t ed  are sham i n  Table 11. Detonat!.on ve loc i ty  
measurements were ca r r i ed  out on at  least  five charges f o r  each diameter except with 
3.58-inch diameter charges, where only three were t e s t ed .  The e f f e c t s  of explosive con- 
cent ra t ion  and charge diameter on detonation ve loc i ty  a r e  shown i n  F igs .  11 and 12. The 
d a t a  i n  Fig. 11 show that the  detonation ve loc i ty  increases i n  the usual fashion w i t h  an  
increase  i n  diameter. It i s  of i n t e r e s t  t o  note t h a t  1/16 inch copper confinement had 
no apparent e f f ec t  on detonation v e l o c i t i e s  i n  t h e  charge diameter range from 1.0  inch 
t o  1,875 inch. 
ve loc i ty  a t  a diameter of 3.4 inches, compared w i t h  3 inches f o r  the 25 Dercent PETN - 
75 percent NPU formulation. 

The c m a t i b i l i t y  of t h e  individual ingredients and combinations thereof 
It w a s  found t h a t  both PE7TJ arld RDX %re 

Similar s tud ies  

I n  the  case of t h e  IVJ/PETN systems, t he  

I n  the  das t i r /PbN6  systems. t h e  dens i t i e s  va?;.ed 

It was advisable t o  fZnd methods 
t h e  required amount of CS and a t  t h e  same time t o  increase  t h e  f l u i d i t y  of 

In some systems a synerq is t ic  e f f e c t  was  observed with calcium stearate and 
The DNpA/RDX mixtctures shared a marked increase i n  

Similar resiilts were obtained wi th  other h ighly  

The X ,  percent PETN - 80 percent NPU formulation reaches i d e a l  detonation 

The data in Fig. 1 2  show t h a t  t h e  detonation ve loc i ty  

I 
\ 



222 

increases as e v e c t e d  with increase in  emlosive content. 
t he  approximate minimum dinmeters a t  which detonation is  sustained fo r  the various 
cconpositions e i ther  unconfined or confined in 1/16-inch w a l l  copuer tubing. 

d.  Detonation Pressure - I n  preliminary emeriments t h e  calibarated p l a t e  dent method 

pressure f o r  the various compositions. 
w e r e  determined, it was considered adequate f o r  present purposes t o  calculate the  
approximate detonation pressure from the  114 PD2 relationship.  
calculated i n  t h i s  fashion are shown as a function of exnlosive composition i n  Fig. 13. 
These da t a  show that the detonation pressures range from 25 t o  anproximately 160 kilo- 
bars fo r  t h e  compositions t e s t ed .  

Preliminary studies with PIJ/PbN6 systems indicated that a system containing 40 percent 
m/60 percent PbN6 by weight w i l l  j u s t  sustain detonation. P l a t e  dent t e s t s  indicated 
that the  detonation vressure  would be under 10 kilobars.  
PbN6 composition had a detonation pressure of approximately 22 kilobars as determined 
by t h e  p l a t e  dent test. 
Fig. 14. 
be obtained with PU/PbN6 systems. 

e. 

primary explosives t o  t h e  PU or Npu binder systems resulted i n  compositions mch  less 
sens i t ive  t o  impact. 

DISCUSSION OF RESULTS 

The formulation of explosives composed of a high-energy d iscre te  phase i n  a continuous 
matrix of combustible organic mater ia l  necessarily involves an excursion into a number 
of physical  and chemical problems. 
incorporation of r e l a t i v e l y  sens i t ive  e q l o s i v e s  in to  a p l a s t i c  such tha t  in te r -oar t ic le  
distances were r e l a t ive ly  la rge .  
10 t o  70 percent d i sc re t e  phase by weight w i t h  corresponding mounts of poly and n i t r o  
polyurethanes, and other p l a s t i c s .  

The physical and chemical proper t ies  of this type of explosive imply a v e r s a t i l i t y  not 
normally encountered with explosive materials. 
t i o n s  are extrudable under pressure and readi ly  assume t h e  shape of t h e  container. 
They bond readily t o  clean m e t a l  surfaces. 
irregularly shaped volumes and polymerized i n  place. 
they  exhib i t  properties r e l a t e d  t o  those of the  p l a s t i c s  involved. 

An in te res t ing  e f f ec t  of average p a r t i c l e  s ize  on the  a b i l i t y  of cer ta in  formulations 
t o  be i n i t i a t e d  was observed. 
at  60 weight percent, i n i t i a t i o n  was not achieved at  an average pa r t i c l e  s i ze  of one 
micron, but was achiwed a t  average pa r t i c l e  s i zes  ranging from f ive  t o  ten microns, 
using t h e  same i n i t i a t i n g  charge. 

A marked e f fec t  on the  ex t rudab i l i t y  of the  non-polymerized c m o s i t i o n s  was achieved 
by the use of surfactants a t  concentrations of t he  order of 1/10 t o  one percent. The 
e f f ec t  of surface ac t ive  materials on the  rheological charac te r i s t ics  of explosive 
compositions was pronounced and served t o  extend the  usef'ul range of these materials. 

The incorporation of sens i t i ve  primary explosives in to  an  inert p l a s t i c  matrix introduces 
another family of explosive compositions. 
t o  p a r t i c l e  through the  continuous nhase of the  composition mens up other areas of low 
pressure explosive technology. 

The data in Table 111 show 

fo r  determining detonation pressure w a s  used t o  e s t h a t e  the  amrox imte  detonation 
In  those exoeriments where detonation ve loc i t ies  

Detonation pressures 

A 30 percent PU/70 percent 

A t yp ica l  witness p l a t e  from a d a t e  dent t e s t  i s  sham i n  
It thus appears that detonation pressures i n  t h e  very low pressure range may 

Imp a c t  Sens i t iv i ty  - Impact s ens i t i v i t i e s  f o r  the  various exnlosives were measured 
as shown i n  Table I. It was found tha t  the  addition of secondary and sensit tve 

In  general, t h i s  investigation was bu i l t  around the  

The composition of t h e  p l a s t i c  emlosives ranged from 

Pr ior  t o  polymerization, the ccrmposi- 

They are canable of being introduced in to  
Once t h e  materials are  polymerized 

When the concentration of PbN6 i n  polyurethane was held 

The region above t h i s  range has not yet been emlored. 

Their a b i l i t y  to  in t e r - in i t i a t e  from pa r t i c l e  

4 

4 
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Fig. l . - P a r t i c l e  Site Distribution of RDX and RfU 
(200 partlclu counted) 
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Fig. 4.-Parti& Si- D F S t r i b u t i a n  of TlN-, 
Puticlo S h e  - Microns 

(200 partic1.r celmtd) 
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Fig .  6.-DTA - I E T N  
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Sample Temperature 
F i g ?  9.-DTA - PbNb 
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D i m t a r  - io. 
Fig. 11.-Effect of Dfa. on the Dctonntion Velocity 
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Fig. 1 2 . 4 f f o e t  of t h e  Percent T E T N  on the Detonat5on 'relocity 
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2.36 i n ,  Dla. unconfined 

in, Pia Conf 1 nrrnnt 
0.0675 In. Copper 
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13 1 5  20 25 30 
Percent PETN in PETA'NPU Formulations 

Fig. 13.  -Effect of the Percent  €€TU on t h e  Detonatior, Pressure 
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Fig. 14.-Test No. 194 
Chg. Dia. 3/4 in. 
Chg. Lgth. 4-3/8 in. 
Chg. Density 2.06 e/cc 
.Depth of brit .145 in. 

'Confinement 1/16 in. thick Aluminum 
Witness Plate 5 in. X 5 in. X 1-3/4 in. 

Approx. Detonation Pressure - 22 Kb 
6061-T6 Aluminum 
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TULE 111 

APPROXIMATE CRITICAL DULMETERS CF SEVERAL 
NPU-PETN FCRYULATIONS 

F I 
15/85 

15/35 
I 
I 

, 20/m 
I 

f 

I 20/80 
1 

25/75 1 25/75 

CRITICAL 
COWIIE?B%NT : DI.#UETER 

CONFINED' 

NONE 

CCNFIMED" 

NO?E 

COW'IVED* 

MCFE 

CONFINED' 

NONE 

(in.) 

1.m 

Greater than 2.96 

0.5 

Greater than 1.0 

0.25 

Leas than 0.25 

Less than 1.0 

* All confined charges were confined in 
1/16 in. wall copper tubing. 


